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The mantle above a subducting slab is the site of complex interactions between deformation, partial melting, fluid migration and magma transport. To constrain these interactions and their effects on olivine deformation, we analyze microstructures, crystal preferred orientations, and water contents of peridotite xenoliths entrained by andesites of the Avacha volcano, southern Kamchatka arc. These xenoliths are refractory spinel harzburgites that have coarse-grained microstructures with widely spaced subgrain boundaries and sinuous grain boundaries in olivine, consistent with deformation by dislocation creep under low deviatoric stress ( 13 MPa) and with a significant contribution from diffusional processes. Analysis of crystal preferred orientations (CPO) indicates dominant activation of high-temperature, low-stress {0kl}[100] slip systems in olivine and of(100) [001] in orthopyroxene. In most samples, coarse opx crystals, elongated parallel to the lineation, enclose small olivine grains in crystallographic continuity with neighbouring crystals, indicating crystallization of orthopyroxene at the expense of olivine as a result of reactive percolation of Si-rich fluids coeval with the high-temperature deformation. Secondary crystallization of interstitial orthopyroxene led locally to development of opx-rich lenses parallel to the foliation, characterized by a decrease in olivine grain size and dispersion of the olivine CPO without changing the dominant slip systems. Half of the samples also show acicular orthopyroxene aggregates with which is associated a fine-grained matrix composed of rounded strain-free olivine, orthopyroxene, spinel, and rare amphibole crystals. This matrix occurs pervasively along grain boundaries or forms millimeter-scale irregular lenses and anastomosing veinlets that crosscut the coarse crystals and their ductile deformation structures. Both acicular orthopyroxene and the fine-grained matrix are interpreted as resulting from reactive transport of H 2 O-rich fluids under static conditions, probably in the lithospheric mantle. Infrared analyses show that olivine contains 1^8·6 ppm by weight of water.These low water contents are similar to those observed in spinel peridotites from other subduction zones and probably record both the low solubility of water in olivine at low pressure and dehydration during exhumation of the xenoliths. Water contents in orthopyroxene are highly variable (25^506 ppm H 2 O), probably recording spatially heterogeneous interaction with fluids or melts and compositional disequilibrium in the studied samples. Change in the dominant percolation mechanism from porous flow to fracturing suggests cooling, consistent with the low temperatures estimated from pyroxene thermometry ( 8009 008C). The Avacha xenoliths therefore record pervasive deformation of a region of the mantle under asthenospheric conditions, followed by its accretion to the base of the lithosphere, probably as a result of cooling of the mantle wedge. Percolation of Si-rich fluids or hydrous melts is recorded at all stages; this probably enhanced diffusion and lowered deviatoric stresses during ductile deformation, but did not change the dominant slip direction in olivine from [100] to [001] .
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I N T RO D UC T I O N
The dynamics of subduction are the result of a complex force balance in which the rheology of the mantle wedge plays an essential role. The supra-subduction mantle is also the site of a series of petrological processes, ranging from dehydration of subducted material to partial melting in the wedge. Because both the presence of small melt fractions and the incorporation of water in olivine strongly reduce the strength of upper mantle rocks (Blacic, 1972; Mackwell et al., 1985; Karato et al., 1986; Hirth & Kohlstedt, 1995; Mei & Kohlstedt, 2000a , 2000b Mei et al., 2002; Zimmerman & Kohlstedt, 2004) , the mantle wedge rheology depends on interactions between these petrological processes, migration of the resulting fluids and melts, and deformation of the solid peridotite matrix. Numerical models show that changes in mantle wedge rheology as a result of the presence of melt or water may enhance small-scale thermal convection in the wedge, leading to the erosion of the overriding arc and back-arc lithosphere (Honda et al., 2002; Arcay et al., 2006; Cagnioncle et al., 2007; Currie et al., 2008) , or induce the development of partially molten diapirs in the mantle wedge (Gerya & Yuen, 2003) .
Experimental studies show that incorporation of water in nominally anhydrous minerals (Hier-Majumder et al., 2004; Demouchy et al., 2007; Costa & Chakraborty, 2008) , such as olivine, or the presence of interconnected small melt fractions also enhance diffusion, favouring recovery of dislocations (Karato et al., 1993) , recrystallization (Ave¤ -Lallemant & Carter, 1970; Jung & Karato, 2001b) , and grain growth (Karato, 1989) . This is consistent with recent studies of mantle xenoliths and peridotite massifs, which suggest that melt percolation under both dynamic and static conditions may significantly modify the microstructure of mantle rocks (e.g. Vauchez & Garrido, 2001; Tommasi et al., 2006 Tommasi et al., , 2008 Le Roux et al., 2008; Soustelle et al., 2009) . Reactive melt transport may also change the modal mineralogy (Le Roux et al., 2007) and produce Feor pyroxene-enrichment, changing the density and reducing the seismic velocities of mantle rocks (Lee, 2003; Tommasi et al., 2004) . Finally, the presence of trace amounts of water may also result in a change of the dominant glide direction in olivine and consequently modify the crystal preferred orientations (CPO) formed during deformation by dislocation creep (Jung & Karato, 2001a) , with direct implications for the interpretation of upper mantle seismic anisotropy in terms of flow geometry.
The actual fluids or melt content and distribution in the mantle wedge above a subduction zone and their effect on mantle wedge deformation are, nevertheless, still poorly constrained. Direct samples of the mantle wedge are brought up to the surface by subduction-related calcalkaline volcanism; however, these samples are extremely rare. Moreover, previous studies of subduction zone mantle xenoliths have focused on geochemical and petrological processes rather than on their deformation histories (e.g. Arai & Kida, 2000; Gre¤ goire et al., 2001; McInnes et al., 2001; Arai et al., 2003; Ishimaru et al., 2007; Ionov & Seitz, 2008) . Here we present a detailed microstructural study, including an analysis of dislocation structures, as well as measurements of crystal preferred orientations and water concentrations in olivine and orthopyroxene from 23 spinel harzburgite xenoliths from the Avacha volcano in the southeastern Kamchatka subduction zone. These data are used to investigate the relationship between deformation, fluid or melt percolation and hydration in the supra-subduction mantle.
G E O L O G I C A L S E T T I N G
All the studied xenoliths were collected from Holocene tuffs of the active Avacha (Avachinsky) volcano (53815 0 N, 158851 0 E; summit elevation 2741m) located near the southeastern coast of the Kamchatka peninsula, 200 km NE of the Kurile^Kamchatka trench (Fig. 1) . The Kamchatka peninsula is located in the northwestern corner of the Pacific and has been the site of continuing subduction since the Oligocene (Avdeiko et al., 2002) . The peninsula is composed of three volcanic fronts ( Fig. 1 ): the older (Oligocene) Sredinny range in the west and two younger volcanic fronts in the east, of which only the easternmost is currently active (Tatsumi et al., 1994) . The present tectonic situation results from the collision of two volcanic arcs 5^7 Myr ago as a result of the closure of the Vetlovka basin, which separated two opposed subduction systems that were active between the middle Eocene and the Late Miocene (Konstantinovskaia, 2001 ). This collision resulted in an eastward displacement of the active volcanic front and the formation of the Eastern Kamchatka volcanic front, which has been active since 5 Ma (Konstantinovskaia, 2001 ) in response to the fast subduction ($8 cm/year) of the old Pacific plate ($80 Myr old).
Avacha is one of the most active volcanoes in the central part of the eastern volcanic front. The depths of the Moho and of the upper surface of the subducting slab beneath it are about 37 km and 120 km, respectively (Gorbatov et al., 1997; Levin et al., 2002) . Seismic tomography shows low P-wave velocities in the mantle wedge beneath the eastern arc, which is consistent with melt generation and the locus of volcanic activity (Gorbatov et al., 1999; Manea et al., 2005) . Seismic anisotropy measurements using local shear waves show trench-normal fast polarizations in the fore-arc and arc domains in southeastern Kamchatka (i.e. below the Avacha volcano) but trench-parallel polarizations in the back-arc (Levin et al., 2004) . This observation suggests that two-dimensional corner flow in the mantle wedge does not extend inland beyond the volcanic arc (Levin et al., 2004) . Beyond this, the anisotropy is interpreted as recording asthenospheric flow around and beneath the disrupted slab edge at the Aleutian junction (Peyton et al., 2001) .
The Avacha volcano formed in the late Pleistocene, and the last eruptions occurred in 2001. Large Holocene eruptions have produced ash-falls and pyroclastic flows, with compositions varying from low-K andesite to basaltic andesite, dated using 14 C from 7200 to 3700 years BP (Braitseva et al., 1998) . The xenoliths studied here are angular blocks (10^40 cm in size) collected in volcanic ash on the western slope of the volcano (Ionov, 2009) .
All studied xenoliths are fresh peridotites with no secondary alteration. The majority (AV1 to AV17) are homogeneous at the hand-specimen scale, but some samples (AV18 to AV23) are crosscut by millimeter-scale pyroxene-rich veins or pockets. These peridotites have been the subject of a detailed petrological and geochemical study (Ionov, 2010) , including petrographic descriptions and major and trace element analyses of whole-rocks and minerals. These data are summarized below. The compositions of the pyroxene-rich veins have been discussed in Be¤ nard & Ionov (2009) .
The Avacha peridotites are spinel harzburgites composed of 67^79% olivine (ol), 18^30% orthopyroxene (opx), 1% spinel (sp), 1^3% clinopyroxene (cpx), and 1% amphibole (amph); the mass proportions of minerals were calculated from whole-rock and mineral major oxide compositions. Cpx and amphibole are always interstitial. Coarse-grained orthopyroxenes show widespread unmixing and core^rim zoning in Ca and Al, indicating cooling from sub-magmatic temperatures to 900^10008C. Late-stage acicular or fine-grained interstitial orthopyroxene exhibits a broad range in Ca contents, possibly as a result of cooling to 800^9008C followed by heating shortly before the eruption. The Avacha peridotites are highly refractory, with !44% MgO and very low Al 2 O 3 and CaO (0·4^0·9%), TiO 2 ( 0·01%), Na 2 O ( 0·03%), K 2 O and P 2 O 5 (below detection) contents in whole-rocks, high Mg-number [Mg/(Mg þ Fe) at ] in olivine (0·907^0·918), high Cr-number [Cr/(Cr þ Al) at ] in spinel (0·53^0·65), and very low Al 2 O 3 ( 2·1%) in orthopyroxene and Na 2 O (0·1^0·3%) in clinopyroxene. These compositions are consistent with up to 30^40% of melt extraction at 1^2 GPa, leaving no clinopyroxene in the peridotitic residue.
Compared with refractory peridotite xenoliths in continental basalts, the Avacha harzburgites tend to have C e n tr a l K a m c h a tk a d e p r e s s io n S r e d in n y r a n g e E a s te r n b e lt Konstantinovskaia, 2001 ) and the active volcanic front (VF) (Tatsumi et al., 1994) ; circles mark major active and extinct volcanos; Avacha is indicated by a full circle.
(1) Volcanic ranges, (2) active and major extinct volcanoes, (3) active and former volcanic fronts.
(b) Contours of the Wadati^Benioff zone beneath southern Kamchatka (Gorbatov et al., 1997; Ishimaru et al., 2007). higher orthopyroxene (and SiO 2 ) and lower clinopyroxene contents. These features may indicate either fluid fluxing during melting in the mantle wedge or post-melting enrichment in SiO 2 as a result of reactive percolation by Si-rich fluids leading to crystallization of orthopyroxene at the expense of olivine. This silica enrichment is restricted to peridotites with abundant coarse orthopyroxenes and is not related to late-stage processes. Abundances of rare earth elements (REE) in the Avacha peridotites are very low (!10 times lower than in primitive mantle). All the studied xenoliths show depletion in the light and middle relative to the heavy REE, suggesting that partial melting was not followed by subsequent metasomatism by basaltic magma or low melting degree products.
M I C RO ST RUC T U R A L O B S E RVAT I O N S
Most of the studied xenoliths have coarse-grained porphyroclastic microstructures characterized by olivine and orthopyroxene crystals up to 5 mm wide (Fig. 2) . These coarse porphyroclastic samples display a well-developed lineation marked by spinel trails and by the elongation of coarse olivine crystals that show aspect ratios ranging from 1:4 to 1:2 ( Fig. 2a and b) . Some coarse porphyroclastic xenoliths also show aligned discontinuous opx-rich lenses, up to 1cm thick, which are characterized by finer olivine grain sizes (50·5 mm on average, Fig. 2a ). Both coarse-and fine-grained olivine crystals have curvilinear grain boundaries that locally evolve into more polygonal shapes, forming 1208 triple junctions ( Fig. 2b and c) . They usually display undulose extinction and widely spaced subgrain boundaries. In the coarse grains, the latter tend to be normal to the crystal elongation (Fig. 2b ). An exception is sample AV3, where subgrain boundaries are parallel to the elongation of the olivine crystals. Both the orientation of the subgrains and the crystal elongation in this sample are, however, normal to the lineation marked by the spinel trails, suggesting that the elongation of the olivine crystals in this sample is a 'false' lineation formed by rotation recrystallization along (100) subgrain boundaries. Although rare, this phenomenon has previously been described in both peridotites and quartzites (Bouchez et al., 1984; Tommasi et al., 2001) . Finally, neighbouring olivine crystals intercalated with orthopyroxene in opx-rich lenses often show similar crystallographic orientations and intracrystalline deformation features suggesting that they were originally part of a single coarse olivine crystal that was partially replaced by orthopyroxene (Figs 2e and 3) . Inclusion trails crosscutting several olivine crystals are common. They may represent healed fractures.
The coarse porphyroclastic peridotites display two types of orthopyroxene.'Coarse'orthopyroxene occurs as isolated grains or in aggregates (Fig. 2a) . Grain sizes vary from 0·2 to 5 mm, but millimeter-sized grains dominate. The coarser opx crystals (4 1mm wide) often have a turbid aspect as a result of the presence of a large amount of minute fluid inclusions (Fig. 4a) . Exsolution lamellae of clinopyroxene and spinel, undulose extinction, and kink bands are common in the central parts of these large orthopyroxene crystals (Fig. 4a and c) . Both isolated grains and aggregates have irregular shapes indenting and sometimes enclosing olivine crystals ( Fig. 4a and c) . Within an aggregate, orthopyroxene grain boundaries are straight and tend to form 1208 triple junctions. Olivine relicts within large orthopyroxene crystals often show the same extinction angle as neighbouring coarse olivine crystals, suggesting that they were derived from a single coarse olivine crystal that was progressively replaced by orthopyroxene (Fig. 4a) . Smaller isolated orthopyroxene crystals, 0·5 mm wide, (referred to as 'interstitial' orthopyroxenes in the following discussion) are locally observed in olivine triple junctions and along two-crystal boundaries (Fig. 4b) . These smaller orthopyroxene crystals usually do not show intracrystalline deformation features.
The second type of orthopyroxene (referred to as 'acicular' orthopyroxene subsequently) is characterized by aggregates of fine-grained prismatic to acicular grains, 550 mm in width and5100 mm long, with a similar crystallographic orientation; these are probably inherited from precursor coarse orthopyroxene (Fig. 4d) . Acicular orthopyroxene aggregates are 1^5 mm wide and often surround coarse orthopyroxenes and olivine crystals with 'corroded' shapes (Fig. 4c) . These acicular orthopyroxene aggregates are probably equivalent to the 'recrystallized orthopyroxenes' described by Arai et al. (2003) from a different suite of Avacha peridotite xenoliths. Acicular orthopyroxenes are usually associated with a fine-grained ol^opx^spinel matrix made up of equant olivine and orthopyroxene crystals 550 mm in size (Figs 2f, h and 4c^e) with minor amounts of interstitial clinopyroxene, amphibole, oxides (Ionov & Seitz, 2008) , and glass. This matrix occurs in all samples, but in variable proportions. In most samples, it occurs as thin films along olivine and orthopyroxene grain boundaries ( Fig. 2e and g ). However, it may also locally form large (4 1mm) irregularly shaped pockets (Fig. 2d, f and h ). Larger matrix volumes are usually observed along the opx-rich lenses parallel to the foliation or around acicular orthopyroxenes. The fine-grained matrix also fills thin anastomosing veinlets (50^500 mm wide) that crosscut coarse olivine crystals and their internal deformation features (subgrain boundaries) without any evidence of displacement (Fig. 4d) . These veinlets often enclose small (5300 mm) strain-free polygonal olivine grains with strong misorientations relative to the coarse ) showing interstitial orthopyroxene and thin films of the fine-grained matrix along grain boundaries. (h) Fe distribution map in the fine-grained matrix of sample AV5; scale bar represents 1mm. Olivine (light gray) is abundant in the matrix; it forms subhedral grains that appear to be in textural equilibrium with orthopyroxene (medium gray), cpx (dark gray), and amphibole (darkest gray).
host crystals (Fig. 4e) . When the veinlets crosscut an orthopyroxene, they tend to lose their vein-like structure, forming diffuse reaction zones characterized by the crystallization of acicular orthopyroxene (Fig. 4d) .
A single sample (AV16) has a fine-grained equigranular microstructure (Fig. 2f) . The olivine crystals have polygonal shapes and are on average 50·5 mm wide. They are entirely free of intra-crystalline deformation features and often show 1208 triple junctions (Fig. 2f ) that may contain an isotropic phase that probably corresponds to glass. All the orthopyroxenes are acicular. This sample is particularly rich in the ol^opx^oxides AE amph AE cpx AE glass matrix, which occurs as large millimeter-scale irregular pockets (Fig. 2f) .
Lastly, the coarse-grained porphyroclastic peridotites AV20 and AV21 are crosscut by linear millimeter-scale orthopyroxenite veins. These veins have a magmatic texture, characterized by equigranular strain-free orthopyroxenes (100^500 mm) with irregular shapes.
C RY S TA L P R E F E R R E D O R I E N TAT I O N S Analytical procedure
Olivine and orthopyroxene crystal preferred orientations (CPO) were determined by indexation of electron-backscattered diffraction patterns (EBSD) at the SEM-EBSD facility at Geosciences Montpellier. The EBSD patterns were generated by interaction of a vertical incident electron beam with a carefully polished thin section tilted at 708 in a scanning electron microscope (JEOL JSM 5600). The diffraction pattern was projected onto a phosphor screen and recorded by a digital CCD camera. The image was then processed and indexed in terms of crystal orientation using the CHANNEL5 software from Oxford Instruments HKL.
For each sample, we obtained crystallographic orientation maps covering almost entirely the thin section (usually 35 mm long and 20 mm wide) with sampling steps of 100, 75, or 50 mm, depending on the grain size (Fig. 5) . Indexation rates in the raw maps range from 50 to 80%. In general, indexation rates are lower for orthopyroxene than for olivine. Acicular orthopyroxenes, because of the fine grain size of the crystals composing the aggregates and poor polishing, were particularly poorly indexed. Very low indexation rates (520%) were also obtained for the fine-grained ol^opx^oxides AE amph AE cpx AE glass matrix.
Post-acquisition data treatment allowed us to increase further the indexation rate by (1) filling the non-indexed pixels that have up to eight identical neighbours with this orientation, (2) repeating this operation using respectively seven, six, and five identical neighbours, Other phase (opx in ol map and ol in opx map) and non-indexed points Because the foliation and lineation could not be determined macroscopically in most samples, most thin-sections were cut in random orientations, rather than parallel to the lineation and normal to the foliation. To allow a straightforward comparison between the CPO of the different samples, all the CPO measurements were rotated to have the maximum concentrations of olivine [100] and [010] axes parallel to the east^west and north^south directions, respectively. When the lineation is clearly marked by the elongation of olivine or alignment of spinels, the latter is indicated in the pole figures (Fig. 6 ). Welldeveloped foliations are never observed in the studied Avacha peridotites, but when opx-rich bands are present, their average orientation is also plotted. To avoid over-representation of large crystals, CPO are plotted as one measurement per grain (average orientation of the crystal).
Results
The studied peridotites show strong olivine CPO (Figs 5 and 6 ). An exception is the fine-grained peridotite AV16, which has an almost random olivine CPO. Olivine CPO shows well-developed axial The CPO strength or intensity can be defined by two dimensionless indices, as follows.
(1) The J index, which is the volume-averaged integral of the squared orientation densities (Bunge, 1982) . It has a value of unity for a random CPO and tends to infinity for a single crystal, but most natural peridotites show J-index values between two and 20, with a peak around eight (Ben Ismail & Mainprice, 1998; Tommasi et al., 2000) . The J index of all samples was calculated for both the full orientation dataset from the EBSD maps and the mean orientation for each grain using the SuperJ7x program by D. Mainprice with a 10 degree Gaussian half-width, data at 1 degree bins, and truncation of the orientation distribution function (ODF) at degree 22. (2) The M index (misorientation index), which corresponds to the difference between the observed distribution of uncorrelated misorientation angles and that predicted for a random fabric (Skemer et al., 2005) . It has a value of zero for a random CPO and unity for a single crystal.
J and M indices show a good linear correlation (R 2 ¼ 0·88, Fig. 7 ), indicating that both indices correctly represent the CPO strength of the studied samples. Because most published CPO data for natural peridotites and experimental aggregates have their strength expressed as J indices, we chose to use this index in the following discussion as it is widely used not only in geology, but also in material sciences.
In the studied peridotites, the J index ranges between 9·5 and 2. This variation in J index is correlated with the olivine grain size distribution (Fig. 8a) . The lowest J index is observed in the fine-grained equigranular peridotite AV16. In the coarse porphyroclastic samples, two behaviours can be discriminated: samples with 410% vol. of fine-grained olivine (50·5 mm) show weak olivine CPO (J55), whereas the remaining samples have J indices between 5 and 10. These two groups may also be distinguished on the basis of their modal composition: weak olivine CPOs are associated with an enrichment in orthopyroxene (Fig. 8b) . Within a group, no clear correlation between J index and fine-grained olivine or orthopyroxene contents can be established. Analysis of the J indices calculated for different grain size populations in a sample ( Fig. 9) shows, however, that fine (50·5 mm) and intermediate-size grains (0·5^1mm) have lower J indices (i.e. more dispersed orientations) than coarse olivine crystals in a sample. The fine-grained population has therefore a strong influence on the estimation of the sample J index if the latter is calculated using one measurement per grain, as fine grains are more numerous on a given analysed surface. Comparison of J indices calculated using one measurement per grain and using the full orientation dataset from the EBSD map that take into account the surface of the crystals shows that the former method underestimates the intensity of the CPO (Fig.10 ).This observation highlights the problem of estimating the CPO intensity in samples exhibiting strong grain-size heterogeneity. The use of one average orientation per grain overestimates the contribution of the fine grains, whereas by using the EBSD map data a higher weight is given to coarse grains. The choice depends on the type of study performed. Use of one measurement per grain allows relation of the CPO to the microstructure, as in the present study, whereas surface-weighted CPO should be preferred when calculating CPO-induced anisotropy of physical properties.
The symmetry of the olivine CPO may be defined by the relative proportion of point, girdle and random components for each axis distribution (Fig. 11 ). This diagram is constructed using the eigenvectors of the orientation matrix for each crystallographic axis (Vollmer, 1990) . The weak CPO of the equigranular peridotite AV16 is expressed by a dominant random component in all three axes distribution. In contrast, coarse-grained porphyroclastic peridotites show a variation in the [100] and [010] distributions symmetry with increasing proportion of fine-grained olivine crystals (Fig. 11 ). This evolution is correlated with a decrease in the J index. The [100] distribution evolves from point symmetry towards a weak girdle (points plot at the transition between the random and the girdle fields). The [010] distribution evolves from girdle symmetry to random. Except for AV2, which has a stronger concentration of [001] than of [010] , all samples show a In most studied peridotites, orthopyroxene CPO is more dispersed than the olivine CPO (Fig. 6 ). The multiple maxima observed in some pole figures result from the poor indexation of orthopyroxene during the automatic mapping. Because of bad polishing or reaction rims, many large orthopyroxene crystals were incompletely indexed and were recorded in the maps as multiple isolated patches with a similar orientation. This leads to an overrepresentation of the weight of this orientation and hence to a maximum in the pole figure when the latter is plotted as one measurement per grain. The same problem occurs with the acicular orthopyroxene aggregates, which form large areas with similar orientations that are very poorly indexed because of their fine-grained nature. The real orthopyroxene CPO patterns are thus partially obscured by these indexation problems, but the major features remain visible. The [001] distribution is usually characterized by a single or double maximum with, in some samples, a tendency to form a weak girdle normal to [100] . Ten samples have a maximum concentration of the orthopyroxene [001] axes close to the olivine [100] axes maximum (AV3, AV4, AV6, AV7, AV9, AV11, AV12, AV13, AV18, AV23), but with a systematic angular shift (5308) (Fig. 6) 
Deformation mechanisms and dominant slip systems in olivine and orthopyroxene
The well-developed olivine and orthopyroxene CPO imply that the coarse-grained Kamchatka peridotites deformed mainly by dislocation creep. Under pressure and temperature conditions appropriate to the upper mantle, the dominant slip system in orthopyroxene is (100)[001] (Doukhan et al., 1986) . Olivine deforms essentially by slip on the {0kl}[100] and {hk0} [001] systems; the relative strength of these systems depends on the temperature, pressure, deviatoric stress, and water fugacity conditions that prevail during deformation (Durham et al., 1977; Mackwell et al., 1985; Bai et al., 1991; Jung & Karato, 2001a; Couvy et al., 2004; Jung et al., 2006; Raterron et al., 2007) .
The correlation between shape and crystal preferred orientation is a reliable tool to constrain the dominant slip systems in olivine and orthopyroxene, as these minerals display few slip systems with highly variable strengths. This results in alignment of the dominant slip direction with the shear (or maximum stretching) direction and of the normal to the slip plane with the normal to the shear plane (or foliation) in simple shear (or pure shear) deformation (Zhang & Karato, 1995; Tommasi et al., 1999;  [010]
[001] Fig. 11 . Olivine CPO symmetry expressed as the proportion of point (P), girdle (G) and random (R) components calculated from the eigenvalues ( 1 , 2 , 3 ) of the normalized orientation matrix for the three principal crystallographic axes: [100] , [010] and [001] . Bystricky et al., 2000) . In xenoliths, however, the foliation and the lineation cannot always be easily identified and other observations are needed to constrain the dominant slip system. In this case, information on the active slip systems may be derived from the analysis of the following factors.
(1) The relative concentrations of the three main crystallographic axes in agreement with polycrystal plasticity modelling of CPO evolution that shows that the slip direction and the normal to the plane of the dominant slip system tend to orient faster than the remaining crystallographic axes (e.g. Tommasi et al., 2000) . (2) The relations between the olivine and orthopyroxene CPO. (3) The rotation axes accommodating low-angle (5 158) misorientations within a crystal, because variations in crystallographic orientation within a grain or across a low-angle grain boundary (subgrain boundary), as well as the orientation of subgrain boundaries, are directly related to the dislocations forming the boundary (Frank & Read, 1950; Amelinckx & Dekeyser, 1959) . Misorientation axes data should nevertheless be used with caution, as the dislocations stacked in the subgrain boundaries may not be representative of the most mobile and, hence, most active slip systems.
In all coarse-porphyroclastic xenoliths, olivine displays a well-developed axial [100] pattern (Fig. 6 ) characterized by a strong point concentration of [100] axes subparallel to the lineation, when the latter can be observed, and systematically normal to the average orientation of the subgrain boundaries. This indicates that [100] is the dominant slip direction for olivine. This interpretation is corroborated by the predominance of (100) subgrain boundaries in the crystallographic orientation maps (Fig. 5) (Fig. 12) .
Obliquity between the olivine and the orthopyroxene CPO is common in naturally deformed peridotites (e.g. Tommasi et al., 2004 Tommasi et al., , 2006 Le Roux et al., 2008) . It is usually interpreted as resulting from lower finite strains in stronger orthopyroxene crystals (Mackwell, 1991) at a given macroscopic strain. Many Avacha peridotites, however, display an obliquity between the olivine and orthopyroxene CPO that is too strong (4208) to result from variations in finite strain between the two minerals. We propose that this obliquity results from late to post-kinematic crystallization of part of the orthopyroxenes. This process may also explain the higher dispersion of the orthopyroxene CPO relative to the olivine CPO.
The 2-5°2-10°A (010) plane. In contrast, in samples AV3, AV19, AV25, and AV27, the comparison between olivine and orthopyroxene CPO favours dominant glide on the (001) plane.
Analysis of lattice rotations across all low-angle boundaries in olivine within a map (Fig. 13) We also compared the olivine and orthopyroxene CPO with the orientation of the opx-rich lenses when the latter were present (Fig. 5) (010) or (001) planes depending on the sample.
D I S L O C AT I O N S T RU C T U R E S Sample preparation and analytical procedures
To observe the dislocation structures, sections of three coarse porphyroclastic peridotites and of the equigranular peridotite were decorated using the method described by Kohlstedt et al. (1976b) . This method consists in annealing a polished sample slab for 30 min in air at 9008C (oxidizing conditions). A standard 30 mm thin section is prepared with the previously polished face in contact with the glass slide. Observations were made using both an optical microscope in natural light and a scanning electron microscope (SEM). Electron backscattered images were obtained using a FEI Quanta 200 SEM at the acceleration voltage of 15 kV and currents up to 2 mA in a low-vacuum chamber. Under these conditions, the interaction thickness is c. 450 nm. Slabs of the porphyroclastic peridotites were cut based on their CPO in order to have, for the majority of the crystals composing the rock, two of the main olivine crystallographic axes: 
Observations
Coarse olivine crystals in the porphyroclastic peridotites display low dislocation densities ranging from 0·5 Â10 11 to 4 Â10 11 m À2 (Table 1) . This allows easy observation of the dislocation structures both in transmitted light (Fig. 14) and by electron back-scattered imaging (Fig. 15) . Some rare crystals yield much higher dislocation densities that cannot be characterized by optical observation. A large variety of dislocation structures is observed. In crystals cut parallel to (010), the most pre-eminent features are straight dislocation walls normal to [100] that crosscut the whole crystal (black arrows in Fig. 14a, b and e) . They represent subgrain boundaries that are spaced at 10^55 mm. Free dislocations with lines roughly parallel to [100] branch from these (100) subgrain boundaries (Fig. 14a, b and e). These dislocations are classically interpreted as screw dislocations with a [100] Burgers vector (Nicolas & Poirier, 1976) . However, some of these dislocation lines have festoon shapes (white arrow in Fig. 14b ) suggesting pinning by defects while moving in the [001] direction; they might represent edge dislocations with a [001] Burgers vector. A second family of dislocation walls, which is in a plane oblique to the thin-section plane but containing [100] (i.e. parallel to a {0kl} plane) is also locally observed (white arrows in Fig. 14a) . Finally, the presence of open dislocation loops (Fig. 14b) suggests activation of cross-slip.
Olivine crystals in the fine-grained equigranular peridotite AV16 are almost devoid of dislocations (Fig. 14c) . Rare dislocations are observed around inclusions. Extremely low dislocation densities also characterize small olivine crystals (5500 mm) within a 5 mm wide vein filled by the fine-grained ol^opx^oxides AE amph AE cpx AE glass matrix that crosscuts the porphyroclastic peridotite AV1 (Fig. 14d  and f) . In contrast, the dislocation densities and structures of coarse olivine crystals outside the vein are similar to those in other porphyroclastic peridotites (Fig. 14e) . A steep transition between the two dislocation structures takes place at the vein wall. However, the dislocation density in the coarse olivine crystals in contact with the vein tends to be lower than that in grains several millimeters away from it (Fig. 14g) . The observed decrease in the dislocation density suggests that diffusional processes were enhanced within and around these veins.
F T I R A N A LY S E S O F WAT E R C O N T E N T S I N O L I V I N E S A N D O RT H O P Y ROX E N E S Analytical procedure
Unpolarized Fourier Transform infra-red (FTIR) spectroscopy measurements were performed using a Bruker Vertex70 spectrometer coupled with a Bruker Hyperion microscope at the Laboratoire Magmas et Volcans (LMV) in Clermont-Ferrand (France) and using a Bruker IFS66v coupled with a Bruker IR microscope at the Laboratoire des Colloı¨des, Verres et Nanomateriaux (LCVN) in Montpellier (France). Both microscopes were equipped with all-reflecting Cassegranian optics, a condenser, and a 15Âobjective. Analyses were made at room pressure and temperature. Mid-IR measurements were performed using a Globar light source, a KBr beam splitter, a high-sensitivity DTGS (deuterated triglycine sulfate) at the LMV and a high-sensitivity MCT (DTGS) at the LCVN, both cooled by liquid nitrogen. Spectra were acquired with a resolution of 4 cm À1 and at least 100 scans were accumulated for each spectrum ( Table 2) . As these were open-air analyses, a background correction had to be performed on each measurement to remove the contribution of the vapour phase. This was done by always performing two analyses, one without and another with the sample; the difference between the two yields the spectrum used for the determination of the water contents in the minerals. This background correction and the baseline correction were carried out using the OPUS software.
Unpolarized FTIR absorption spectra of olivines and orthopyroxenes were obtained on doubly polished sections with a thickness of $500 mm. Thinner sections, 2501 50 mm thick, were used for measuring water contents in fine-grained olivines in the equigranular peridotite AV16 and in the coarse porphyroclastic samples AV10 and AV15 ( Table 2 ). The detection limit at the lowest sample thickness is 1ppm. The sections were left in an acetone bath for at least 12 h to remove any residual glue. Measurements were performed in selected crack-and inclusion-free grains (optical observation) using a square or circular aperture at LMV and LCVN, respectively, with a diameter between 90 and 105 mm as a function of the analyzed grain size (Table 2) . Measurements in orthopyroxenes were hindered by the large amount of inclusions in the coarse crystals and by the fine-grained texture of the acicular aggregates. Most measurements were performed at the grains' core, which should be least affected by late, extraction-related water loss (Demouchy et al., 2006) .
The water concentration in the analyzed minerals was calculated by integrating the absorption bands according to the calibration of Paterson (1982) :
where C OH is the hydroxyl concentration (in H/10 6 Si or ppm wt H 2 O), is an orientation factor (1/3 for unpolarized measurements), and K( " ) is the absorption coefficient in cm À1 for a given wavenumber " . X i is a density factor; its value for olivine and orthopyroxene is 2695 and 2769 wt ppm H 2 O, respectively [see Bolfan-Casanova et al. (2000) for calculation method]. The calibration of Paterson (1982) underestimates the water concentration in olivine compared with the calibration proposed by Bell et al. (2003) . However, the Bell et al. (2003) calibration may be applied only to olivine spectra dominated by high wavenumber (3650^3450 cm À1 ) OH absorption bands. This is not the case for olivine in the studied Avacha peridotites, whose spectra are dominated by low wavenumber absorption bands (Fig. 16) . Moreover, the calibration of Paterson (1982) has the advantage of allowing direct comparison of water contents in olivine and pyroxenes (Bolfan-Casanova et al., 2000) . Errors on the absolute water contents are, however, ofAE30% (Kohlstedt et al., 1996) . Results: IR spectra and water solubility Figure 16 shows typical unpolarized FTIR spectra for olivines and orthopyroxenes in xenoliths AV1, AV3, AV10, AV15, AV16 and AV23. The olivine spectra are rather homogeneous. The major O^H absorption bands are at 3354 and 3328 cm
À1
. In contrast, the band at 3574 cm À1 , where the maximum O^H absorbance is often observed in natural peridotites (Miller et al., 1987; Bell et al., 2004; Demouchy, 2004; Demouchy et al., 2006; Peslier & Luhr, 2006; Grant et al., 2007) , displays only a minor peak. The observed spectra are nevertheless similar to those of olivines in peridotite xenoliths from Mexico, Kenya, and the Carpathians (Miller et al., 1987; Falus et al., 2008) and of olivine (Mg 1·8 Fe 0·2 SiO 4 ) in equilibrium with orthopyroxene in the experimental sample of Berry et al. (2005) . Water contents in the studied samples range from 1 to 8·3 ppm H 2 O by weight ( Table 2 ). The water content varies as a function of the grain size: coarse (4 1mm), intermediate (0·5^1mm) and fine (50·5 mm) olivine crystals show on average 6·1, 3·4 and 2·4 ppm H 2 O, respectively (Table 2) . These values are in the same range as the water contents in olivine from spinel-peridotite xenoliths sampling the continental lithosphere above the western North America, Patagonia and Carpathian subduction zones (Demouchy, 2004; Peslier & Luhr, 2006; Falus et al., 2008) .
Orthopyroxene spectra are characterized by major O^H absorption bands at 3596, 3543, and 3520 cm À1 and by broader minor peaks around 3420, 3317 and 3070 cm À1 (Fig. 16b) . This pattern is typical for orthopyroxene from mantle xenoliths (Peslier et al., 2002; Grant et al., 2007) . Water contents are however very heterogeneous, varying from 25 to 506 ppm (Table 2) . Although there is a clear variation in water contents from sample to sample, strong heterogeneity is also observed within samples (Table 2) . Orthopyroxenes in coarse-grained porphyroclastic peridotite AV15 and in equigranular peridotite AV16 have abnormally low water contents (25^128 ppm) for subduction zone xenoliths (Peslier & Luhr, 2006; Falus et al., 2008) . AV10 has the most water-rich orthopyroxenes (218^506 ppm). The latter value (4500 ppm H 2 O) represents an abnormally high water content for spinel peridotites; however, the spectra of the two orthopyroxenes are consistent and do not show evidence for contamination of the measurements by water-rich inclusions or amphibole lamellae (typical peak at 3900 cm
). There is a weak positive correlation between the average water contents in olivine and orthopyroxene in each sample. Concentration ratios (R c ) calculated using the mean water contents in olivine and orthopyroxene in each sample are 18·6 in AV15, 20·9 in AV16, 39·5 in AV3, and 76 (Table 2) and orthopyroxene (D opx=ol water ) in spinel-lherzolites: 40·7 AE19·8 (Grant et al., 2007) . Because the water contents in olivine vary as a function of grain size and because water contents in the orthopyroxenes are extremely heterogeneous, the R c values calculated using single olivineô rthopyroxene pairs show an even greater dispersion, varying from five in AV15 (ol10^opx4) to 126·5 in AV10 (ol2^opx2). These extreme concentration ratios are not pertinent to equilibrium water partitioning between mantle minerals, but rather reflect the heterogeneity of water distribution in orthopyroxene and compositional disequilibrium in the studied samples. Paterson (1982) . Water contents haveAE30% error.
D E V I AT O R I C ST R E S S E ST I M AT E S
In deformation by dislocation creep, the density of dislocations (r) in a crystal depends on the applied stress (Poirier, 1985) :
where a is a non-dimensional constant of order unity, b is the Burgers vector, s is the stress and m the shear modulus.
Analysis of the microstructure of experimentally deformed olivine-rich rocks highlights that the applied differential stress is proportional to the free dislocations density (e.g. Kohlstedt & Goetze, 1974) , to the average subgrain size (e.g. Raleigh & Kirby, 1970; Karato et al., 1980) , or to the average recrystallized grain size (e.g. Mercier et al., 1977; Karato et al., 1980; Van der Wal et al., 1993) . However, these microstructural parameters have different stabilities relatively to annealing or changes in stress. Free dislocation densities are easily reduced by postkinematic annealing. They also readily re-equilibrate in response to changes in the stress field, in particular to a stress increase, even if the associated strain is very small. Subgrain and recrystallized grain sizes are more stable features that need long annealing times (or high temperatures) or significant finite strains to be modified. In the following discussion, we compare the stresses estimated using these three paleopiezometers for the Avacha peridotites.
Free dislocations density
To estimate the free dislocations density we used the method described by Hirsch et al. (1965) , which consists of measuring the total dislocation lines length in a unit volume of the crystal. The total dislocation lines length in a crystal was estimated by the intersection analysis method (Ham, 1961) applied to the BSE images (Fig. 15) . The density of dislocations Ã is defined aŝ
where N is the number of intersections, L is the total length of lines composing the random network, and t is the thickness of the observation zone (%450 nm, which is the BSE interaction depth in the present case). During plastic deformation, crystals are submitted to variable stresses according to their orientation and to heterogeneity in the deformation between neighbouring grains. These stress gradients may be high for low-symmetry minerals such as olivine that show a high plastic anisotropy (Bai et al., 1991) , leading to highly variable dislocation densities within a rock sample. Such variable dislocation densities are observed in the decorated sections of the coarse-grained Kamchatka peridotites (Fig. 14h) . In the present study, we selected optically three or four representative olivine crystals (i.e. displaying an 'average' dislocation density) in coarse-grained porphyroclastic peridotites AV1, AV3 and AV23. Dislocation densities estimated using both optical and SEM observations in these crystals range from 0·5 Â10 11 to 4 Â10 11 m À2 (Table 1) . Based on the stress vs dislocation density relation given by Kohlstedt et al. (1976a) , these observed dislocation densities record deviatoric stresses ranging from 28 to 62 MPa. As discussed above, a major inconvenience of this paleopiezometer is that the free dislocations density is not Fig. 16 . Unpolarized IR spectra for the most representative olivine (a) and orthopyroxene (b) of each sample. As the water content in orthopyroxenes is highly heterogeneous, even within a single sample, we plotted the two spectra corresponding to the two extreme values measured for each sample (Table 3) . Spectra are normalized to 1cm
À1
. stable against variations in stress or annealing (Poirier, 1985) . The preservation of highly variable dislocation densities within a sample suggests limited annealing. One cannot exclude, however, an effect of a weak, lowtemperature, high-stress deformation in the lithosphere or during extraction on the observed free dislocation density. Karato et al. (1980) obtained the following relationship between stress and the subgrain boundary spacing in olivine single crystals deformed under high-temperature conditions:
Subgrain size
where d s is the subgrain boundary spacing in mm and s is the stress in MPa. The spacing between adjacent (100) subgrain boundaries measured in 25 olivines from four decorated coarse porphyroclastic peridotites varies between 10 and 150 mm ( Fig. 14a and b) , with an average at 32·5 mm (the median is at 30 mm). The mean values correspond to paleo-stresses of 43·5 MPa, and extreme values range from 130 to 2·5 MPa, respectively.
The average subgrain size should vary rapidly with increasing stress, but remain stable under decreasing stress conditions. This paleopiezometer should therefore be representative of the maximum stress experienced by a crystal (Poirier, 1985) . As discussed above, during deformation, crystals are submitted to variable stresses according to their orientation and to the heterogeneity of deformation between neighbouring grains. This may partially explain the high variability in subgrain boundary spacing recorded in our samples. However, 50% of the measured subgrains are spaced by 20 to 40 mm. This implies that the mean value of the stress (43·5 MPa) obtained by this method could be representative of the maximum stress to which the studied samples were exposed.
Recrystallized grain size
All empirical relations between recrystallized grain sizes and deviatoric stresses follow a power law:
where D g is the recrystallized grain size, s is the differential stress, and A and n are empirical constants obtained by fitting experimental data. In this study, we used (1) the calibration of Karato et al. (1980) , which is based on single crystal deformation experiments, (2) the calibrations of Van der Wal et al. (1993) , and (3) those of Zhang et al. (2000) , which are derived from deformation experiments on olivine-rich polycrystals, and the calibration of Jung & Karato (2001b) derived from deformation experiments on hydrated olivine (Table 3) .
Grain sizes in the coarse-grained porphyroclastic peridotites were estimated from the EBSD maps. Measured mean intercept lengths were multiplied by a geometric factor of 1·2 to convert the grain size in thin section to a three-dimensional grain diameter (Van der Wal et al., 1993 ). An inconvenient aspect of this technique is that the minimum observed grain size is limited by the EBSD measurement step size. This leads to some bias in the estimation of the smaller grain sizes, even if all maps were obtained with measurement steps at least four times smaller than the initial (optical) estimation of the average grain size.
In coarse-grained porphyroclastic peridotites, such as the studied Kamchatka xenoliths, that show a continuous grain size distribution (Fig. 17) , the main difficulty, however, is to discriminate between porphyroclasts and recrystallized grains. For all coarse-grained porphyroclastic xenoliths, more than 75% of the measured olivine grains are smaller than 750 mm, whereas 75% of the thin-section area is occupied by grains larger than 750 mm. We cannot discriminate the porphyroclasts from the recrystallized grains, but we assume that the majority of the latter have a grain size lower than 750 mm and choose to use the mean grain size in a sample as the recrystallized grain size. Average grain sizes range from 300 to 800 mm (Table 4) . In this grain size range, the Van der Wal et al. (1993) and Zhang et al. (2000) calibrations give the maximum and minimum stress estimates for dry conditions, respectively (Table 4 , Fig. 18 ). Recrystallized grain sizes of 307^797 mm correspond to stresses of 9^18 MPa or 3^11MPa. Higher stresses (21^41MPa) are estimated for deformation under hydrated conditions, consistent with data suggesting faster grain growth under hydrated conditions. However, this latter estimation should be used with caution, because water contents in the Kamchatka olivines (Table 2) are much lower than those in the Jung & Karato (2001b) samples (50 wt ppm or 800 H/10 6 Si). The recrystallized grain size is the most stable paleopiezometer and could reflect the last high-temperature deformation episode. However, uncertainty in the determination of the equilibrium recrystallized grains size hinders its use. Moreover, in the studied Kamchatka xenoliths, olivine grain sizes were also modified by reaction with percolating fluids that led to crystallization of orthopyroxene at the expense of olivine (Figs 3 and 4a) and, in the opx-rich bands, olivine grain growth may have been limited by interstitial orthopyroxene. Grain sizes in these bands are thus probably minimum values, leading to overestimation of stresses in the opx-rich samples.
D I S C U S S I O N Thermo-mechanical history of the Avacha spinel-harzburgites
Peridotite xenoliths from the Avacha volcano are highly refractory spinel harzburgites. Primary cpx is absent, and secondary cpx ( 3 vol. %) occurs only as interstitial crystals in the fine-grained matrix (Ionov, 2010) . Modal and whole-rock chemical compositions suggest therefore that these xenoliths are the residues of high-degree (30^40%) partial melting at shallow depths (5 1 to 2 GPa, Ionov, 2009 ). On the other hand, widespread unmixing and core^rim compositional gradients in coarse orthopyroxene crystals record slow cooling to temperatures 59008C (Ionov, 2010) , indicating that these peridotites were part of the lithospheric mantle at the time of their extraction by the host andesitic magmas. The analysis of microstructures and crystal preferred orientations in the xenoliths implies that they underwent a complex history involving deformation and fluid and/or melt percolation at variable temperature conditions. Unravelling the chronology of the thermal, chemical and deformation events recorded by these peridotites is essential to determine if these events are related to the subduction process. Except for one sample, the Avacha xenoliths exhibit coarse-grained porphyroclastic microstructures characterized by a lineation marked by coarse elongated olivine crystals with sinuous grain boundaries, widely spaced subgrain boundaries, low free dislocation densities, and well-developed olivine CPO. These microstructures are characteristic of deformation by dislocation creep under high-temperature, low deviatoric stress conditions, where dislocation glide is assisted by diffusional processes, such as climb and grain boundary migration. These deformation conditions are consistent with the measured olivine CPO that implies dominant activation of the high temperature, low-pressure {0kl}[100] slip systems with dominant activation of the (010) and (001) planes. The activation of multiple {0kl} slip planes may have been favoured by decreasing temperature conditions (Durham et al., 1977) or by deformation under moderately hydrous conditions (Mackwell et al., 1985; Katayama et al., 2004) . Hydrous conditions also enhance diffusion rates, lowering the viscosity of mantle rocks (Blacic, 1972; Mei & Kohlstedt, 2000a) and favouring recrystallization and grain growth (Karato, 1989; Jung & Karato, 2001b) and, hence, development of coarse-grained, well-recovered microstructures, like those observed in the studied xenoliths, at lower temperatures. Taken together, the microstructural observations and the CPO suggest that the major deformation episode recorded by these xenoliths took place under low-stress conditions like those that probably prevail in the asthenosphere or at the base of the lithosphere. Later deformation under higher stress, lower temperature conditions is consistent with the higher deviatoric stresses (28^62 MPa) estimated from dislocation densities. A cooling history is also consistent with the brittle character (veins) of the late fluid transport structures (Fig. 4e and f) in the Kamchatka xenoliths.
Comparison of the paleo-stresses estimated from free dislocation densities and recrystallized grain sizes with rheological profiles (Fig. 19 ) calculated using a geothermal gradient for a mature volcanic arc, such as Kamchatka, and empirical flow laws for dry and wet dunite (Chopra & Paterson, 1981 allow discussion of the rheological behaviour and strain rates and location in the supra-subduction mantle. For a regional surface heat flow of 88 mW/m 2 (Currie & Hyndman, 2006) , the base of the lithosphere, which we assume to be defined by the 12008C isotherm, is located at c. 70 km. Furthermore, temperatures of 9008C, which correspond to the maximum estimates from two-pyroxene thermometry, are reached at c. 45 km depth.
For strain rates of 10 À14 s À1 (10 À15 s
À1
) and a dry peridotite flow law, stresses equivalent to those estimated from the free dislocation density and recrystallized grain size are obtained for depth of 47^42 km (38^43 km) and 50^64 km (45^58 km), respectively. The last stages of deformation, which control in particular the free dislocation density, may thus have occurred in the upper part of the lithospheric mantle, from where the xenoliths were extracted. However, the recrystallized grain sizes record instead a deformation in the lower lithosphere, below 45^50 km. However, the reaction forming orthopyroxene at the expense of olivine may have modified the olivine 
Grain size (μm) Stress (MPa) Zhang et al. 2000 Van der Wal 1993 Karato et al. 1980 Jung & Karato 2001b Paleo-piezometer: 100 1000 1 10 100 Fig. 18 . Deviatoric stresses estimated using different paleopiezometers vs average olivine recrystallized grain size for all studied samples.
grain size distribution (Fig. 3) , leading to an underestimation of the mean recrystallized grain size and an overestimation of the stresses. The stresses estimated using the 'wet' paleopiezometer of Jung & Karato (2001b) are similar to those obtained from the free dislocation density. For a wet dunite flow law and a strain rate of 10 À14 s
, these rather high stresses are attained only just below the Moho and in the crust (Fig.  19) . Strain rates of 10 À13 s À1 are needed to produce stresses of 20^60 MPa in a wet mantle. These results are consistent with the IR spectroscopy data which show that olivines in the studied samples have rather low water contents.
Evidence for fluid^melt percolation and consequences for the olivine microstructures and CPO All coarse-grained Avacha xenoliths present clear microstructural evidence of reactive percolation of Si-rich fluids leading to crystallization of orthopyroxene at the expense of olivine. This evidence includes the following: (1) large orthopyroxenes elongated parallel to the lineation enclosing small olivine grains in crystallographic continuity with neighbouring olivine crystals (Fig. 4a) ; (2) corrosion embayments in olivine crystals filled by interstitial orthopyroxenes that may show kink bands subparallel to the olivine subgrain walls or be undeformed (Fig. 4c) ; (3) concentration of interstitial orthopyroxenes in lenses parallel to the foliation (Figs 2a, b, 3 and 5) . The latter observations also indicate that the reactive fluid percolation is synkinematic to the main high-temperature deformation. Concentration of interstitial orthopyroxenes in lenses parallel to the foliation may, for example, result from deformation-controlled fluid segregation, similar to melt segregation in simple shear experiments using olivineŝ pinel^basalt aggregates, where melt-rich bands tends to form parallel to the shear plane (Holtzman et al., 2003) . We assumed a granodioritic crust with a thickness of 35 km (Zhuravlev & Antipov, 1993; Kharakhinov, 1996) , a surface heat flow of 88 mW/m 2 (Currie & Hyndman, 2006) , and a constant thermal conductivity of 2·51 and 3·35 W/m K for the granodiorite and peridotite layers, respectively (Philpotts, 1990) . The brittle upper crust strength was estimated using Byerlee (1978) and the lower crust strength by using a dry granodiorite power law (Ranalli, 1995) . The mantle strength was calculated using either the dry or the wet dunite flow laws of Chopra & Paterson (1981 . _ " is the strain rate given in s
. Light and dark grey bands indicate deviatoric stresses estimated from the average recrystallized grain sizes and free dislocation densities, respectively.
On the other hand, the absence of intra-crystalline deformation features in most interstitial orthopyroxenes ( Fig. 2g and 3b ) or in small crystals filling corrosion embayments in olivine (Figs 3b and 4c) , as well as the stronger dispersion of the orthopyroxene CPO relative to the olivine CPO (Fig. 6) , implies that reactive fluid percolation probably continued after the deformation slowed down. Finally, because it led to orthopyroxene crystallization, the fluid percolation must have occurred at temperatures below the hydrous orthopyroxene solidus, which is 13608C and 12708C at 1GPa and 2 GPa (Kushiro et al., 1968) , respectively. This is consistent with a fluid percolation occurring during the main deformation at the base of the lithosphere and/or in the shallow asthenosphere (Fig. 19) .
Although olivine CPO patterns are rather homogeneous in the studied peridotites, the intensity of the CPO decreases with increasing volume fraction of fine-grained olivine crystals. Within a sample, the J index is 2^4 times lower for fine-grained olivine crystals than for coarse ones (Fig. 9) . These fine-grained olivine crystals, which dominantly occur in opx-rich bands parallel to the foliation ( Fig. 2b and e) , are either undeformed or display deformation microstructures similar to the coarse olivine grains, such as subgrains or undulose extinction. Dynamic recrystallization may explain both the grain size reduction and the dispersion of the CPO. However, crystallographic continuity between neighbouring olivine crystals separated by interstitial orthopyroxene (Fig. 3) suggests that they were originally part of a single coarse olivine crystal. We propose that the dominant mechanism for olivine grain size reduction in these bands is the reactive percolation of Si-rich fluids leading to olivine replacement by orthopyroxene. A similar phenomenon has been described by Dijkstra et al. (2002) in the Othris peridotite massif (Greece).
Concentration of fluids or melts within the bands may have favoured the activation of diffusional processes and grain boundary sliding resulting in weaker olivine CPO. Similar weakening of the olivine CPO in deformation experiments on olivine^melt aggregates (Holtzman et al., 2003) and in peridotite massifs where deformation occurred in the presence of small melt fractions (Dijkstra et al., 2002; Le Roux et al., 2008; Soustelle et al., 2009 ) has also been attributed to an increased contribution of diffusion to deformation. Fluid concentration in these bands probably also resulted in a viscosity decrease (Holtzman & Kohlstedt, 2007) and, because the bands are aligned, in anisotropic mechanical behaviour where shearing parallel to the foliation is favoured.
Superimposed on the high-temperature deformation microstructures, the studied peridotites show a wide range of features related to melt or fluid transport in the lithospheric mantle. These features include the formation of the acicular orthopyroxene aggregates (Fig. 4d) , probably at the expense of pre-existing coarse orthopyroxene crystals, and the crystallization of a fine-grained ol^opxô xides AE cpx AE amph AE glass matrix (Fig. 2g) at the expense of orthopyroxene and olivine. The fine-grained matrix occurs as a pervasive film along grain boundaries (Figs 2e, g and 4c) , in millimeter-scale lenses flattened parallel the foliation (Fig. 2d) , or forming irregular pockets in equigranular peridotite AV16 (Fig. 2f) . It corrodes olivine and orthopyroxene and crosscuts their internal deformation microstructures (Fig. 4c) , implying postdeformation crystallization. In general, a higher concentration of the fine-grained matrix along grain boundaries is observed in the opx-rich bands. We propose that it records the higher permeability of these bands caused by their finer grain size (Wark & Watson, 2000; Le Roux et al., 2008) . The fine-grained matrix is also observed along anastamosing veinlets that crosscut large deformed olivine crystals (Fig. 4e) . Acicular orthopyroxenes similar to those observed in the studied peridotites have been generally attributed to metasomatism by aqueous fluids with a small amount of dissolved silicates (Arai & Kida, 2000; Gre¤ goire et al., 2001 Gre¤ goire et al., , 2007 McInnes et al., 2001; Arai et al., 2003; Ishimaru et al., 2007; Facer & Downes, 2008) . However, the fine-grained matrix crystallizes at the expense of both olivine and orthopyroxene. Moreover, the acicular orthopyroxenes are not the sole reaction product; the fine-grained matrix also contains less common amphibole and clinopyroxene. Together these observations suggest that their formation is due instead to a reaction between harzburgite and a hydrous silicate melt.
The late-stage melt percolation likely took place under static lithospheric conditions and has no major influence on the olivine CPO unless it results in crystallization of large volumes of the fine-grained ol^opx^oxi-des AE amph AE cpx AE glass matrix. It may also have contributed to the partial annealing of the deformation structures in the olivine in these bands. The fine-grained ol^opx^oxides AE amph AE cpx AE glass matrix, which occurs in post-deformation veinlets crosscutting olivine crystals ( Fig. 4d and e) , often encloses polygonal olivine crystals free of dislocations and deformation microstructures ( Figs  4f and 14c, f) , which probably result from neo-crystallization of olivine. The fine-grained peridotite AV16 that is essentially composed of strain-free polygonal olivine crystals probably represents a highly fractured domain or the wall-rock of a major dyke. Its weak CPO (J ¼1·98) implies nevertheless that at least some of these strain-free polygonal olivines were inherited from coarser grains with a pre-existing and probably stronger CPO.
The observed microstructures suggest an evolution of the fluid transport process. It started by pervasive porous flow of Si-rich aqueous fluids synchronous with or following the high-temperature deformation (crystallization of interstitial and coarse orthopyroxene at the expense of olivine). This was followed by porous flow of hydrous melts under static conditions (formation of the ol^opxô xides AE amph AE cpx AE glass matrix) that later evolved to melt transport localized in a network of connected veins formed by fluid-assisted fracturing. This variation in melt transport processes is consistent with the cooling history inferred from the orthopyroxene thermometry and from the deformation microstructures. It corroborates the inference of a continuous cooling history before extraction of the xenoliths from shallow lithospheric levels.
Hydration of the supra-subduction zone wedge mantle
Measurements of water concentrations in olivine and coarse orthopyroxene in the studied peridotites yield values between 1 and 8·6 ppm of H 2 O by weight and 25 and 506 ppm of H 2 O, respectively (Table 2 ). These are respectively lower and higher than the theoretical H 2 O saturation values for olivine and orthopyroxene in spinel peridotites equilibrated between 1 and 2 GPa (16 and 290 ppm H 2 O, Keppler & Bolfan-Casanova, 2006) . Olivines in the studied peridotites are clearly water undersaturated; their water concentrations are 2^8 times lower than the theoretical calculated saturation value. Orthopyroxenes, on the other hand, have heterogeneous water contents ranging from 10 times lower to 1·7 times higher than the saturation value. Consequently, the orthopyroxene/olivine water concentration ratios in the studied xenoliths vary from 5 to 126. The extreme values differ significantly from the orthopyroxene/olivine water concentration ratio derived from the theoretical saturation values ($18, Keppler & Bolfan-Casanova, 2006) , from orthopyroxene/olivine water concentration ratios measured in natural spinel peridotites (40·7 AE18·9, Grant et al., 2007; Falus et al., 2008) , or from partition coefficients (D opx=ol water ) determined experimentally for peridotites equilibrated in the spinel field (7^10, Aubaud et al., 2004) . This suggests that olivines and orthopyroxenes in the Avacha peridotites are not in equilibrium with respect to their water contents.
Orthopyroxenes in the Avacha peridotites, except for coarse peridotite AV10, have lower water contents (25^218 ppm H 2 O by weight) than the theoretical saturation value (290 ppm H 2 O, Keppler & Bolfan-Casanova, 2006) . The measured water contents in the three most hydrated pyroxenes (Table 2) are nevertheless in the same range as those observed in water saturation experiments on pure and natural enstatite at pressures of 1 and 2·5 GPa: 114 AE10 and 238 AE7 ppm H 2 O by weight (Paterson calibration), respectively (Rauch & Keppler, 2002) . If we calculate water concentration ratios between these pyroxenes and the coarser, more water-enriched olivines in each sample we obtain values of 27 in AV3, 31 in AV10 and 26 in AV15. These values are consistent with the concentration ratios obtained in saturation experiments, suggesting that these three orthopyroxenes and the coarser olivine are in equilibrium and display water concentrations that could represent the original (pre-exhumation) water contents in our samples. The lowest water contents (25^55 ppm H 2 O by weight) were measured in a coarse orthopyroxene from sample AV15 and in one acicular orthopyroxene from sample AV16. These two orthopyroxenes are texturally different, but both samples display wide fine-grained zones, which probably result from interaction with a percolating melt. Peslier et al. (2002) proposed that an increase in oxygen fugacity linked to percolation of metasomatic fluids or melts may account for observed low water concentrations in orthopyroxenes from subduction-related mantle xenoliths. Oxygen fugacity in Kamchatka peridotite xenoliths is between 0 and 2 ÁFMQ (fayalite^magnetite^quartz buffer) with a peak around þ1 ÁFMQ (Arai et al., 2003; Ionov et al., 2007; Ionov, 2010) , which corresponds to the values measured by Peslier et al. (2002) . The high oxygen fugacity of the Kamchatka samples is also consistent with the fact that the major O^H absorption bands of the olivine IR spectrum are at 3354 and 3328 cm À1 (Fig. 11 , Berry et al., 2005) . Finally, extremely high water contents (4500 ppm H 2 O by weight) were observed in one orthopyroxene from sample AV10. Such concentrations have been previously observed only under high-pressure conditions or in Al-rich orthopyroxene (Rauch & Keppler, 2002; Keppler & Bolfan-Casanova, 2006 ), yet the orthopyroxenes in our samples are equilibrated at low pressures (1^2 GPa) and have low Al 2 O 3 contents ( 2 wt %). Although the absorbance spectrum is coherent (Fig. 16) , we cannot completely discard the possibility of an analytical problem concerning this measurement. However, independently of this extreme value, the broad variations in orthopyroxene water contents, both within and between samples in the Kamchatka xenoliths, suggest that the H 2 O concentration in minerals, particularly in orthopyroxene, is controlled by localized melt or fluid percolation, as a result of melt segregation during porous flow or in fractures.
Despite the fact that water concentrations in the Avacha olivines are within the range observed in other spinel-peridotite xenoliths from supra-subduction zone settings (Demouchy, 2004; Peslier & Luhr, 2006; Falus et al., 2008) , they are relatively low. A probable explanation is loss of water by diffusion to the host magma during the transport of the xenoliths (Demouchy et al., 2006; Peslier & Luhr, 2006) . The observation that small olivines have the lowest water concentrations is consistent with dehydration. Measurements in a coarse olivine crystal yielded a broad range of values within a single grain; however, the variation is within the uncertainty of the measurements (AE30%) as the water contents are very low. Moreover, core^rim measurements in crystal ol7 of sample AV15 gave water contents of 5 and 2·5 ppm H 2 O by weight, respectively, corroborating potential dehydration during the ascent of the xenolith in the magma. The orthopyroxene, in contrast, has not experienced dehydration during the ascent of the xenoliths. Hence, we can use the water concentration in orthopyroxenes AV3opx1, AV10opx1 and AV15opx3 (Table 2) , which have water contents in the range of those observed in water saturation experiments on pure and natural enstatite, and D opx=ol water consistent with the data of Aubaud et al. (2004) to calculate a hypothetical concentration of water in olivine before the inferred dehydration. This yields values of 13^28 ppm H 2 O by weight, which are consistent with the theoretical saturation value (16 ppm H 2 O).
Experiments predict that incorporation of water in olivine results in activation of different slip systems (e.g. Jung & Karato, 2001a) . Jung et al. (2006) show that the transition from dominant glide on (010)[100] to (001) [100] under high-temperature and moderate-stress conditions occurs at $15 wt ppm H 2 O. The low measured water contents in olivine (1^8·6 wt ppm H 2 O) and stresses estimated from the various paleopiezometers (3^60 MPa) imply a dominant activation of the (010)[100] system. However, if dehydration occurred during the ascent of the xenoliths to the surface, olivine would have higher water contents, corresponding to the transition between dominant glide on the [100](010) and [100](001) systems. This is consistent with the CPO data, which imply that olivine deformed by [100] glide on both (010) and (001) planes.
Implications for the dynamics of the supra-subduction zone mantle
The analysis of the textures and deformation microstructures of the Avacha xenoliths allows us partially to reconstruct their thermo-mechanical history even if the precise timing of the different episodes cannot be established. The first recorded event is high-degree partial melting at shallow mantle depths (1^2 GPa, Ionov, 2009 ). This was followed by deformation under high-temperature, low-stress conditions, contemporaneous with porous flow of a hydrous melt or fluid. Cooling and integration of the samples into the lithosphere mark the end of the major deformation and result in a change of the melt^fluid transport process to fracturing. Finally, two samples (AV20 and AV21) were crosscut by orthopyroxenite veins of probably magmatic origin. This evolution can be compared with the long and complex history of the Kamchatka subduction zone.
High degrees of partial melting at shallow depths are observed only at mid-ocean ridges or in the mantle wedge above subduction zones. Based on the modal (absence of primary cpx and high orthopyroxene contents relative to olivine) and chemical compositions (Al^Fe relations) of the Avacha peridotites, Ionov (2009) proposed that they are probably residues of hydrous melting in the mantle wedge. Numerical simulations by Arcay et al. (2007a Arcay et al. ( , 2007b show that influx of water and the resulting viscosity reduction in the mantle wedge may induce an upwelling of the lithosphere^asthenosphere boundary, allowing partial melting at depths shallower than 50 km. The Avacha peridotites may represent the residues of such a shallow partial melting process that were subsequently carried away by wedge convection, experiencing hightemperature, low-stress deformation and porous flow of hydrous fluids or melts at the base of the lithosphere and/ or in the shallow asthenosphere.
The cooling recorded consistently by the change in deformation and fluid transport mechanisms and by the thermometry (Ionov, 2010) suggests that the Avacha peridotites were subsequently accreted to the lithosphere. To account for this evolution, we need to invoke a process producing a decrease in temperature in the mantle wedge and, hence, the deepening of the isotherms, leading to accretion of the shallow asthenospheric mantle to the lithosphere. Numerical models show that a decrease in the velocity of plate convergence reduces the convective vigour in the wedge, leading to a decrease in temperature in the mantle wedge and thickening of the upper plate (Arcay et al., 2007b) .
The present Kamchatka peninsula was formed by the collision of two volcanic arcs in response to the closure, between the late Miocene and the Quaternary, of a back-arc basin that separated two opposed subduction zones (Konstantinovskaia, 2001) . A decrease in the convergence velocity associated with the collision of the two arcs may thus account for a decrease in the mantle wedge temperatures, leading to accretion of shallow asthenospheric mantle to the base of the lithosphere of the upper plate and cooling of the latter. This collision resulted in the eastward displacement of the volcanic front; calc-alkaline magmas from this new volcanic front fractured the lithosphere and carried to the surface the Avacha xenoliths that record both an asthenospheric and a lithospheric history.
C O N C L U S I O N
Our observations show that although the spinel harburgite xenoliths from the Avacha volcano were extracted from the upper part of the lithospheric mantle (!45 km), they record a thermo-mechanical history that started with partial melting and deformation under asthenospheric conditions, followed by accretion to the base of the lithosphere and subsequent cooling. Percolation of hydrous fluids or melts began in the asthenosphere and continued under lithospheric conditions. This succession of events, which suggests cooling of the supra-subduction zone mantle, is consistent with the evolution of the Kamchatka arc since the late Miocene.
Percolation of small-fraction fluids or hydrated melts is recorded at all stages of the long history of the Avacha xenoliths. Analysis of the microstructures suggests that early ingress of Si-rich aqueous fluids was contemporaneous with deformation under high-temperature, low-stress conditions and took place essentially by reactive porous flow. Deformation-induced fluid segregation is probably responsible for the development of irregular compositional banding parallel to the foliation; higher degrees of interaction with fluids led to opx-enrichment and olivine grain size reduction by crystallization of orthopyroxene at the expense of olivine and to a local decrease in viscosity which, because the bands are aligned, result in anisotropic mechanical behaviour.
Olivine CPO shows clear axial [100] patterns that record deformation by dislocation creep with dominant activation of the high-temperature, low-stress, low-pressure {0kl}[100] slip systems. This interpretation is consistent with the elongation of olivine crystals in the [100] directions and with the well-developed (100) tilt boundaries observed in the decorated sections and in EBSD maps. Olivine CPO within the opx-rich bands is similar, but more dispersed than the CPO in the neighbouring coarse domains. This suggests that the concentration of fluids in these bands does not result in a change in dominant olivine slip direction, but enhances the contribution of diffusional processes to the deformation.
Subsequent cooling and accretion to the lithosphere led to a continuous transition from reactive porous flow to the development of a network of interconnected veins and probably also to a change in the fluid composition towards hydrated melts. This later percolation produced crystallization of acicular orthopyroxene aggregates and of a fine-grained matrix composed of ol^opx^oxi-des AE amph AE cpx AE glass at the expense of both orthopyroxene and olivine. Finally, the xenoliths were crosscut by veins and carried up to the surface by calc-alkaline magmas.
In spite of the microstructural evidence for interaction with hydrous fluids or melts at all stages of their supra-subduction zone evolution, the water contents in olivine are low (1^8·6 wt ppm). These values are nevertheless similar to those observed in spinel peridotites from various subduction zone settings. If these xenoliths have been dehydrated during their ascent, the maximum water content expected would be 13^28 wt ppm H 2 O. This could explain the activation of both (010) and (001) slip planes in olivine. On the other hand, water contents in orthopyroxene are strongly variable (25^506 wt ppm H 2 O), probably recording spatially heterogeneous interaction with fluids or melts and compositional disequilibrium.
